Since its introduction to North America in 1999, West Nile virus (WNV) has had devastating impacts on native host populations, but to date these impacts have been difficult to measure. Using a continental-scale dataset comprised of a quarter-million birds captured over nearly two decades and a recently developed model of WNV risk, we estimated the impact of this emergent disease on the survival of avian populations. We find that populations were negatively affected by WNV in 23 of the 49 species studied (47%). We distinguished two groups of species: those for which WNV negatively impacted survival only during initial spread of the disease (n = 11), and those that show no signs of recovery since disease introduction (n = 12). Results provide a novel example of the taxonomic breadth and persistent impacts of this wildlife disease on a continental scale. Phylogenetic analyses further identify groups (New World sparrows, finches, and vireos) disproportionally affected by temporary or persistent WNV effects, suggesting an evolutionary dimension of disease risk. Identifying the factors affecting the persistence of a disease across host species is critical to mitigating its effects, particularly in a world marked by rapid anthropogenic change.
demography | avian populations | West Nile virus | emerging infectious diseases | population biology T he emergence of wildlife diseases in new geographic locations and naïve host populations is the inevitable consequence of a present-day global ecology characterized by unprecedented connectivity. Increases in anthropogenic stressors to the environment, including changes in land use and climate, have made exposure to new diseases more likely (1) (2) (3) , and a rise in global transport and intercontinental travel has allowed "old" diseases to infect hosts in new environments (4) (5) (6) . Such introductions may have negative effects on hosts that have never been exposed to a disease (7, 8) , and once exposed, the resilience and recovery rates of naïve host populations remain unclear. Although such introductions are most often relegated to isolated regions, such as islands, the devastating impacts of emerging infectious diseases can also reach continental scales.
The rapid spread of West Nile virus (WNV) across North America in just 5 y (1999-2003) has been associated with the death of millions of native wild birds that act as primary hosts to the virus (9) . Despite the documented loss of individual birds and apparent impacts on bird populations, no study to date has fully documented the demographic impacts of WNV on avian populations across large regions of North America. Previous analyses identified the negative effects of WNV in roughly onefifth to one-third of the bird species studied (8, 10) . However, these studies used animal count data that likely underestimate impacts because, even in the face of high mortality, recruitment and immigration may mask population declines (11) . WNV is hypothesized to influence bird populations through reductions in survival, which can be influenced by various biotic and abiotic factors, including age (12), climate (13, 14) , and regional environment heterogeneity (15) . In addition, a number of studies suggest that the impact of WNV on bird populations increases with human land use (16, 17) . Understanding the contribution of disease to annual variation in survival across space and time requires rigorous demographic analyses that take into account these factors.
We use 16 y of mark-recapture data collected at over 500 birdbanding stations across the United States (Fig. S1 ), in combination with newly developed spatiotemporal models of WNV risk (18) and land-use patterns, to examine the effects of WNV spread on survival rates of all bird species for which analyses were possible (49 species) (Table S1 ). Our objectives were threefold. First, we examined the relative contribution of an introduced infectious disease on landbird annual survival across a broad geographical range, controlling for the influence of human land use, climate, and regional covariates on survival (Table S2) . Second, we determined how effects of WNV on annual survival have changed through time, by examining impacts of WNV on survival of these species before, during, and after its arrival. Finally, we explored whether species experienced differential effects from WNV depending on their ecological distribution or evolutionary histories.
Results and Discussion
Effects of WNV on Avian Population Survival Rates. WNV has had large impacts on landbird survival rates (Fig. 1) . The relationship between survival and WNV was negative and was included in the top model predicting annual adult survival for 33 of the 49 (67%)
Significance
Since its introduction to North America, West Nile virus (WNV) has impacted the health of both human and wildlife populations, but the extent of the burden across host species remains poorly understood. Using extensive mark-recapture data from 49 species spanning nearly two decades, combined with recently developed models of WNV risk, we estimated the impacts of this emergent disease on avian populations. We show that WNV has had significant negative effects on survival of 47% of bird species examined. We provide the first in-depth picture of the extent, duration, and phylogenetic signal of WNV impacts on bird populations. Our results suggest that introduced infectious diseases can have significant persistent effects on populations long after initial concerns have waned. species examined. These declines were significant in 23 of the 49 (47%) species ( Fig. 1 and Table S3 ). Although decreases in survival were observed across a broad range of species, we found evidence for two distinct temporal patterns within these declines. Some species, such as the field sparrow (Spizella pusilla), downy woodpecker (Picoides pubescens), and red-eyed vireo (Vireo olivaceus), experienced significant declines in survival associated with the arrival of WNV, followed by recoveries to pre-WNV levels (n = 11) ( Fig. 1 and Fig. S2 ). For others, such as the Swainson's thrush (Catharus ustulatus), purple finch (Haemorhous/Caprodacus purpureus), and tufted titmouse (Baeolophus bicolor), mean survival declined upon WNV arrival and consistently remained lower than pre-WNV levels (n = 12) ( Fig. 1 and Fig. S2 ).
Population Responses to WNV. Although negative impacts of WNV on animal populations have been previously documented (8, 10) , to our knowledge, this is the first study to show large-scale declines in survivorship resulting from an infectious disease. In addition, our analyses indicate that a larger proportion of species (at a minimum, 47%) may have been affected by WNV than count data alone would suggest (35%) (8) . Although we found that tufted titmice were negatively affected by WNV, consistent with a continent-wide count study (8) , we also identified an additional five species [downy woodpecker, gray catbird, northern cardinal (Cardinalis cardinalis), eastern towhee (Pipilo erythrophthalmus), and song sparrow (Melospiza melodia)] negatively affected by WNV that were not identified in the previous study. Conversely, we found three species reported to be affected in the previous study that our analyses suggested were not affected [black-capped chickadee (Parus atricapillus), American robin (Turdus migratorius), and house wren (Troglodytes aedon)]. Although no species within the jay family (Corvidae) were sampled thoroughly enough in our study to meet our criteria for inclusion, we did find a significant negative effect of WNV on jays as a group [standardized effect of WNV arrival on annual survival of jay species combined and 95% confidence interval = −1.051 (−1.796, −0.306)], a result common to all previous multispecies, large-scale studies (8, 10) .
The declines in annual survival documented here are substantial and may have lasting effects on population abundances and growth rates of affected species. For example, red-eyed vireos have an estimated population size in North America of ∼130 million birds (19) . The 29% decrease in annual survival that we document in the year of WNV arrival means that over 30 million red-eyed vireos may have died from WNV as the disease In some species, such as the wrentit and Swainson's thrush, survival decreased (red) after the arrival of WNV, and remained low in subsequent years. In other species, such as the Carolina wren and white-eyed vireo, survival was reduced during the year of WNV arrival (blue), followed by recovery in subsequent years despite the disease persisting in the community (Materials and Methods). The year that WNV affected survival varied between species when the top-ranked model included a 1-y lag (Carolina wren). Time series were shorter for species where the majority of individuals were captured in the western United States where WNV arrived later (Swainson's thrush). Photos courtesy of (Top to Bottom) Harjeet Randhawa, Brian Plunkett, Nathan Corry, and Jacob Spendelow. (B) Change in annual survival because of WNV from top-ranked models for 40 landbird species (9 species did not have a WNV covariate in the top survival model). Species are shown as being affected by either the continued presence (red) or the arrival (blue) of WNV based on which variable was in the top-ranked model describing annual survival. Bars represent confidence intervals (±95%), and asterisks indicate a significant effect (P < 0.05) of WNV on survival.
spread across their range. Although red-eyed vireo survival only declined during the year of WNV arrival, mortality of species whose survival was persistently lower in all years following WNV arrival can have even greater impacts on populations. Warbling vireos (Vireo gilvus) had a smaller annual decline in survival (8.7%) from WNV than red-eyed vireos, yet the drop in survival continues to compound every year after the arrival of WNV, suggesting that over 15 million birds, or nearly one-third of the total population (∼49 million birds) (19) , may have died across the continent over the 5 y since the arrival of WNV. Of course, increases in reproductive output and dispersal from regions where birds were not infected may help to ameliorate the effect of these massive die-offs on total population abundances, and in fact, the ability of increased reproduction to offset population declines because of adult mortality may be one reason for discrepancies between our study and those only examining abundance trends (20) . Nonetheless, the declines in survival from WNV documented here translate into significant levels of adult mortality and potentially large population declines for many species across North America. Moreover, these reductions in survival represent population averages of all individuals of a species at sites with WNV present, and it is likely that the mortality rates of infected individuals were much higher than these estimates indicate.
Previous studies have suggested that peridomestic species (21) may be more affected by WNV presence because of their close associations with urbanized environments and vector populations (8, 22, 23) . However, our analyses suggest the effects of WNV on landbirds are not restricted to such species. In fact, some species identified as having the greatest decline in survivorship in our study [i.e., field sparrow (S. pusilla), western wood-pewee (Contopus sordidulus), red-eyed vireo (V. olivaceus)] are not typically associated with human-dominated or urban landscapes during the breeding season. In addition, species that were previously reported as suffering little to no effect from laboratory-induced WNV infections [i.e., Swainson's thrush, gray catbird (Dumetella carolinenesis) (24)], or that were assigned low-risk scores in terms of WNV threat [i.e., song sparrow (M. melodia), yellow warbler (Dendroicha petechia) (10)], instead showed significant declines in adult survival in our analyses (Fig. 1) .
Effects of Land Use. Results from this study suggest the interaction between invasive diseases and human land-use patterns can lead to complex effects on overall landbird survival. Ten species showed significant positive effects of land use on survival (positive land use covariate estimate with a 95% confidence interval that did not overlap 0), and two showed a significant negative effect. Some of the species that showed a positive effect [e.g., song sparrow and spotted towhee (Pipilo maculatus)] may benefit from food resources provided by humans, which may help to alleviate some of the burden to populations imparted by a novel infectious disease, such as WNV, but others [e.g., yellow warbler, MacGillivray's warbler (Geothylypis tolmiei)] would not likely benefit from anthropogenic activity. Eleven species showed significantly negative WNV/land-use interactions, suggesting that the effects of WNV increased with increasing land use for these species, consistent with studies suggesting that WNV effects may be amplified in regions with greater land use (17, reviewed in ref. 25 ).
Host Phylogenetic Signal. Our results revealed two classes of responses to WNV: (i) temporary decline and recovery, and (ii) persistent declines in survival. To understand the possible drivers of this difference, we examined whether evolutionary history or ecological similarities among closely related species could be a factor. We constructed a phylogenetic tree of all species included in our demographic analyses (26) , and then mapped survival response (no effect, arrival, or persistent effect) to WNV on the tree. Although we found no evidence of phylogenetic signal for WNV response across the entire tree, this was not surprising given high rates of immune-response evolution seen in other taxa, including humans (27) . We did, however, find several clades that trended toward being nonrandomly affected by temporary or persistent effects (Fig. 2) . New World sparrows and allies (P = 0.09) and vireos (P = 0.14) trended toward containing more species affected by temporary effects of WNV than the rest of the tree, whereas finches (P = 0.14) trended toward containing more species experiencing persistent declines in survival in years after WNV outbreak. Although the causes of these patterns are not fully understood, similarities between the impacts of disease on closely related species could be the result of common immunological responses across sister taxa, shared physiological and metabolic functions in closely allied species, or common diets and behavior among clades. It is also possible that these characteristics are associated with common high-risk habitats for WNV in closely related species. A significant phylogenetic signal was found across all species when considering their mean risk to WNV (K = 0.257, P = 0.026) (Fig. S3 and Table S3 ). In addition, after correcting for phylogeny, a significant but weak negative correlation was found between the average WNV risk of a species and the estimated effect of WNV; species whose habitats were in high-risk WNV areas had larger declines is survival (R = 0.26, P = 0.036). Although the respective roles shaping the response to WNV in various hosts is unclear, this is, to our knowledge, the first evidence to suggest phylogeny may influence whether a species experiences short-or long-term effects of WNV and calls attention to the importance of examining both phylogeny and habitat preferences in understanding the impacts of an introduced disease.
Conclusions
Declines in survival in 47% of species examined at a continental scale, combined with the fact that roughly half of these declines Fig. 2 . Phylogeny of the 49 landbird species used in this study (along with an outgroup, mallard). Tree represents the 70% consensus tree of 1,000 random trees constructed using birdtree.org (26) . Terminal branches are colored according to whether species survival was unaffected by WNV (black), only reduced during the year of WNV arrival (blue), or remained low after WNV arrival (red). Names and bars are shown in black for clades for which a nonrandom negative trend with either WNV arrival or presence was observed, and in gray for clades for which no significant trends were observed.
as a result of WNV have persisted over time, demonstrate the widespread and long-term effects that introduced infectious disease may have on naïve host populations. Several important questions are raised by this study. First, it is clear that although our analyses help to explain some of the differential effects of WNV among particular groups of bird species, more work is needed to fully understand why survival of some species rebounded almost immediately from the introduction of a novel infectious disease, while survival of others did not. Second, the broad nature of our sampling strategy necessarily targeted species that are currently not under threat of local or regional extinction (48 of the 49 species examined are listed as Least Concern by the International Union for the Conservation of Nature). However, if such impacts are readily observed on large populations of nonthreatened species, what might the impacts be on species with much smaller distributions that are already threatened? Future research should specifically target the impacts of WNV on threatened populations. Finally, even within large populations, small reductions in survival because of WNV reduce the intrinsic growth rate of populations and make them more susceptible to other natural and anthropogenic impacts. The threat from infectious disease will most likely be magnified with increased deforestation, climate warming, and global connectivity (28) , each of which can act as further stressors on populations and catalysts for large-scale introductions to naïve populations. Understanding how these factors act alone or synergistically in driving population dynamics of species will be critical in preserving them.
Materials and Methods
Survivorship Models. Given the fact that different approaches to examining the impacts of WNV on bird populations are sometimes inconsistent (10), potential biases inherent to each method should be carefully considered. In addition, the species we examined here were dictated by our sampling method (mark-recapture) and not on count data alone (8, 10) , suggesting caution should be taken with making direct comparisons to other studies. However, survival analyses examine the demographic parameter affected by WNV directly and therefore may provide a better assessment of potential impacts on bird populations. We developed models of annual survival over the 16-y period for each species or species group using latitude, longitude, and two climate indices, the El Niño-Southern Oscillation and the North Atlantic Oscillation, both known to influence avian reproduction (29) and survival (15) of North American landbirds. After leading regional and climatic models were identified, we tested 15 a priori hypotheses about the relationship between survival and WNV and land-use patterns (Table S2 ). This twostep approach was used to examine the impacts of WNV while accounting for other factors that may influence year-to-year variation in annual survival. Annual survival was estimated using mark-recapture data collected at Monitoring Avian Productivity and Survivorship (MAPS) stations from 1992 to 2007 (30) in all 48 contiguous states and Alaska that had MAPS stations (Fig. S1 ). All mist netting and banding of birds was approved and performed under University of California, Los Angeles' Animal Research Committee (ARC, Protocol no. 2008-033-23). Analyses were conducted on all bird species that had sufficient data for analysis. In order for species to be included in analyses, the estimate of the coefficient of variation of survival over the period 1992-2007 from MAPS data had to be less than 5%, as is standard for large-scale analyses of this dataset (30) . This threshold criterion is necessary because species with coefficients of variation above 5% have been sampled too poorly to detect spatially and temporally explicit changes in annual survival. Therefore, of a possible 293 species captured at MAPS banding stations, we conducted our analyses on the 49 species from 14 avian families that met this criterion (Table S1 ). We also limited our analyses to captures of adult (after hatch-year) birds, and used Cormack-Jolly-Seber models to estimate annual adult apparent survival probability between breeding seasons, hereafter referred to as survival. For the climate/regional analyses, we developed an a priori set of candidate models to estimate survival, accounting for transient individuals (31) , with covariates for climate indices, latitude, longitude, and time, as well as null models following LaManna et al. (14) .
Important to note is that in short-lived bird species that breed in their first year (typical of the species we examined), adult survival is often the largest demographic component of population growth (32, 33) and can have a direct influence on the following year's growth rate (34) . Thus, a decline in survival of 0.3 can result in a decline in the growth rate of the population of 0.3. If a population is stable or increasing slowly, the growth rate of the population (N t+1 /N t , where N is population size and t is year) will be close to 1.0, and therefore a decline in adult survival may translate into a significant reduction in the population in the following year. However, the degree of population reduction will also be influenced by changes in reproductive success and patterns of dispersal. Thus, differences between the results obtained using these methods compared with those of regional count data may be a result of immigration and reproduction masking effects of WNV on adult survival when using abundance estimates. Moreover, if reductions in annual survival only occur when WNV arrives (species identified as "WNV arrival"), populations can recover quickly assuming that the growth rate exceeds 1.0 in years following WNV arrival. If annual survival remains continuously low after WNV arrival (species identified as "WNV presence"), however, even small reductions in survival can cause the growth rate to remain below 1.0 for an extended period, leading to long-term effects on populations.
Effects of WNV on Avian Population Survival Rates. The effect of WNV on survival was examined in three different ways. First, we modeled survival as a continuous function of predicted WNV risk at each banding station in each year using a spatially and temporally explicit, continuous WNV risk value (18) . We also examined whether survival differed between the years before and after WNV arrived (WNV presence) and whether survival differed between the year of WNV arrival in a state versus all other years (WNV arrival) by coding arrival year of WNV. In our spatially and temporally explicit models, these WNV arrival years were specific to each banding station and determined by the arrival year of WNV in each banding station's state (according to the year of first wildlife cases reported by CDC). Thus, we were able test if the year of WNV arrival influenced survival for a given species even though WNV arrival year varied spatially across the continent. Finally, to examine whether there was a time lag in WNV effects (sometimes the first case of WNV for a region was reported late in the year or only occurred in a small portion of the state), we considered models where survival declined 1 y after WNV was present (WNV presence +1) or arrived (WNV arrival + 1). We identified species as being only affected by WNV during arrival years when their survivorship estimates were associated with covariates representing WNV arrival. Conversely, we identified species as experiencing no recovery from WNV when their survivorship estimates were associated with covariates representing WNV presence or overall risk ( Fig. 1 and Table S3 ).
Effects of Land Use. To examine the influence of land use, we computed the proportion of area within 1 km of each station that was urban/suburban or agricultural land. Land-use data were obtained from the United States Geological Survey (USGS, data available from the US Geological Survey). Each measure of WNV included one model with land use and a second with an interaction between land use and WNV, resulting in 15 models (3 for WNV risk, 6 for WNV presence, and 6 for WNV arrival) in addition to the null model, including only climatic and regional effects ( Table S2 ). Species that showed either a significant direct negative effect of WNV or a significant negative interaction between WNV and human land use on annual survival were identified as being negatively affected by WNV. A negative interaction between land use and WNV would support the hypothesis that greater human land use surrounding a station increases the effect of WNV outbreaks on bird survival.
Model Comparison and Selection. For each species, the top model (based on AIC c ) from the climate/regional analyses was used as the "null" model to examine the effects of WNV on survival. Because WNV did not arrive in North America until 1999, all years before WNV arrival acted as withinspecies controls against which the effects of WNV on survival were tested in years following WNV arrival. Model selection results and parameter estimates were computed with the software program MARK as executed in R (35) using the RMark package (36) . The 95% confidence intervals of the standardized regression coefficients for WNV variables of the top-performing model were examined to assess whether they included zero. Estimates and errors (Fig. 1) were calculated using the top-ranked model if it included a WNV covariate. These estimates are the difference WNV makes in real annual survival accounting for other variables in the model (i.e., climate, latitude, longitude, and so forth). If the WNV continuous risk covariate was in the top model, we used mean WNV risk value +2 SD for that species to estimate the effect of high WNV risk on survival. In the case of significantly negative WNV×land use interactions, we used the mean land use value +2 SD for that species to estimate the effect of WNV on survival in areas of high human land use. To help visualize the difference between WNV arrival and presence effects on survival, we plotted model-averaged estimates of survival relative to the year of WNV arrival (Fig. 2 and Fig. S2 ) for all species whose survival was significantly impacted by WNV.
Host Phylogenetic Signal. We constructed a phylogenetic tree of all 49 species and tested for WNV effects in demographic analyses using species names as input on birdtree.org (26); we also included mallard, Anas platyrhynchos, as an outgroup. We used the dataset "Hackett, All Species" to construct this tree and used the consensus (70% consensus at all nodes) of 1,000 randomly constructed trees as a final phylogeny. Only one of our target species was not listed in the birdtree.org database, the blue-winged warbler (Vermivora cyanoptera), and was replaced by the closest known relative of this species, golden-winged warbler (Vermivora chrysoptera). The full phylogeny was highly resolved and contained no ambiguous nodes after consensus was complete (Fig. S4) .
Once our tree was constructed, we assigned terminal nodes one of three states related to the effect that WNV had on survival estimates: (i) no WNV effects, (ii) effects driven by WNV arrival, and (iii) effects driven by the presence of WNV (arrival and subsequent years). Species were assigned as either WNV arrival or WNV presence if an arrival or presence covariate was in the top-ranked model. We also assessed the strength of evidence for these categorizations with the cumulative model weights for that WNV covariate (WNV arrival or WNV presence) (Tables S2 and S3 ). We used this effect categorization and the phylogeny to test whether there was a global phylogenetic signal of WNV in terms of how it affected species, as well as whether particular clades within the tree had more individuals with a particular effect given the phylogeny and number of species exhibiting that effect. We also used the continuous character of WNV risk (Table S3 ) and our tree as input in the program phylosignal in phytools (37) within R (35) to determine whether there was phylogenetic signal in the overall risk to a species as determined by Harrigan et al. (18) .
Even if differences in WNV response among species are not explained by a phylogenetic signal, groups of closely related species, or clades, might nonetheless have more similar WNV responses than expected by chance. This outcome could be because of rapid evolution of immune response (27) or ecological similarities among species in a clade. We used randomization tests to identify bird clades that showed more similar responses to WNV than expected by chance. We grouped birds into clades according to the phylogeny above, and tested all clades with sufficient sample size for analysis. To assess which clades were more similar in WNV response, the number of species with a given WNV response was compared with the means of 10,000 draws of the same number of species from a random pool of remaining species. Families for whom the number of species with a given response was greater than 95% of these draws were considered significantly affiliated with one type of WNV response (38) .
To determine if species occupying riskier habitats (WNV risk, as determined in ref. 18 ) had larger decreases in survival, we compared the average WNV risk score and the estimated WNV effect on survival (Table S3) across all 49 taxa, corrected for phylogenetic signal within residuals. We used the package caper (39) within the R framework (33) to estimate the values of λ, κ, and δ individually (using the maximum-likelihood criteria, "ML"), and then used these values as input in a phylogenetic generalized linear model (pgls with caper).
